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Abstract 
It is now recognized that intrinsically disordered proteins (IDPs) play important roles as 
hubs in intracellular networks, and their structural characterisation is of significance. However, 
due to their highly dynamic features, it is challenging to investigate the structures of IDPs 
solely by conventional methods. In the present study, we demonstrate a novel method to 
characterise protein complexes using ion mobility mass spectrometry (IM-MS) in 
combination with small-angle X-ray scattering (SAXS). This method enables structural 
characterisation even of proteins that have difficulties with crystallisation. With this method, 
we have characterised the Schizosaccharomyces pombe Swi5-Sfr1 complex, which is 
expected to have a long disordered region at the N-terminal portion of Sfr1. IM-MS analysis 
of the Swi5-Sfr1 complex revealed that its experimental collision cross-section (CCS) had a 
wide distribution, and the CCS values of the most dominant ions were ~56% of the 
theoretically calculated value based on the SAXS low-resolution model, suggesting a 
considerable size reduction in the gas phase. The present study demonstrates that the 
newly-developed method for calculation of the theoretical CCSs of the SAXS low-resolution 
models of proteins allows accurate evaluation of the experimental CCS values of IDPs 
provided by IM-MS by comparing with the low-resolution solution structures. Furthermore, it 
was revealed that the combination of IM-MS and SAXS is a promising method for structural 
characterisation of protein complexes that are unable to crystallise. (225 words) 
 
Key words: intrinsically disordered region; ion mobility mass spectrometry; electrospray 
ionization mass spectrometry; Swi5-Sfr1; Swi5-Sfr1C 
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Introduction 
Diverse biological functions are managed and regulated by a variety of protein 
complexes. To understand the functional mechanism of such protein complexes, the 
characterisation of their dynamic structures and molecular interactions is of critical 
importance.  Mass spectrometry (MS) is one of the promising tools which can be used to 
investigate these features.1, 2 The use of MS is not limited by the molecular weight of the 
analyte, and is a useful method of analysing protein complexes that cannot crystallise because 
of elasticity. Ion mobility mass spectrometry (IM-MS),3 which can provide not only mass but 
also the collision cross-section (CCS) of proteins in native forms, has recently been 
recognised as an effective device in characterising the structures of protein complexes,4, 5 as it 
also provides information on composition, topology, and compactness of protein complexes. 
Thus far, IM-MS has been applied to structural analysis of various proteins, from small model 
proteins 3, 6, 7 to huge proteins such as RNA polymerases 8 and intact viruses.5, 9, 10 Recently, 
this technology has been used to study intrinsically disordered proteins (IDPs), such as 
amyloid β-protein,11, 12 α-synuclein,13, 14 and Sic1.15   
IDPs are mostly found in eukaryotes. They generally interact with several target 
proteins by changing their structure according to the targets, and play important roles as hubs 
in intracellular networks.16, 17 The IDP prediction program estimates that about 40% of all 
human proteins contain at least one intrinsically disordered segment composed of > 30 amino 
acids and that some 25% are likely to be disordered from beginning to end.18  Therefore, the 
structural characterisation of IDPs is of great importance for understanding eukaryotic cellular 
function. However, the use of X-ray crystallography for this purpose is challenging due to 
difficulties in crystallising these proteins. NMR can provide structural information of proteins 
in solution, including IDPs, but is limited in its ability to analyse huge protein complexes. 
Considering these limitations, the structural characterisation of IDPs using IM-MS and 
small-angle X-ray scattering (SAXS) is a promising means to study the key features of these 
Page 3 of 35 Analyst
4 
proteins. SAXS cannot provide high-resolution atomic models but can provide coarse-grained 
models of proteins and protein complexes, which are difficult to crystallise. For example, 
SAXS enabled the identification of the molecular shape of the general transcription factor 
TFIIE, which cannot crystallise due to long, intrinsically disordered (ID) regions, as a rod-like 
structure.19  
It has been proposed that structured globular protein ions can pass through the mass 
spectrometer with keeping the folded solution-phase structure nearly intact.6, 20-22 In addition, 
depending on the measurement conditions, gas-phase compaction has been reported for some 
proteins.20 It is not clear what happens to proteins with long, flexible regions, namely IDPs, 
when transmitted in the gas phase. Therefore, we first aimed to develop a method for 
calculating the CCS of SAXS low-resolution structural models of proteins. We then applied 
this to evaluate the experimental CCS values of IDPs provided by IM-MS by comparing these 
with the calculated CCS values of the corresponding SAXS low-resolution models. In the 
present study, the Swi5-Sfr1 complex from the fission yeast Schizosaccharomyces pombe, an 
auxiliary factor required for the formation of the active presynaptic filament of Rad51 
recombinase, 23 was characterised using the newly developed method. Since approximately 
180 amino acid residues at the N-terminal region of Sfr1 have been estimated as disordered,24 
the structure of the full-length Swi5-Sfr1 complex has not been determined due to difficulties 
in crystallisation. In contrast, the X-ray structure of Swi5 complexed with Sfr1C, in which the 
N-terminal 180 amino acid residues of Sfr1 are truncated, has successfully been determined. 25 
In addition, the low-resolution solution-phase models provided by SAXS are also available 
for the full-length Swi5-Sfr1 complex and the Swi5-Sfr1∆N177 complex, in which the 
N-terminal 177 amino acid residues of Sfr1 are lacking. By comparing these two 
low-resolution models, it was suggested that both complexes possess extended rod-like 
structures, and the full length Swi5-Sfr1 complex in solution is about twice as extended as the 
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Swi5-Sfr1∆N177 complex.24 In the present study, a method for calculating the CCS of the 
low-resolution structural models was established using twenty proteins, the X-ray structures 
of which had been determined, and this method was applied to structural analysis of the 
Swi5-Sfr1 and Swi5-Sfr1C complexes in solution. Furthermore, we compared and contrasted 
the structural characteristics of the ID region in the complex in the gas phase (by IM-MS) 
with those in the solution-phase (by SAXS). The detailed experimental scheme is summarised 
in Fig. 1. 
 
Experimental 
All chemical reagents used for protein purification were of guaranteed grade. 
Ammonium acetate from Nacalai Tesque (Kyoto, Japan) was used for ESI-MS. Milli-Q 
(Millipore)-purified water was used for all experiments. The amino acid sequences of Swi5, 
Sfr1 and Sfr1C, in which the N-terminal 180 residues are absent in Sfr1, are shown in Fig. 2. 
Sfr1∆N177 corresponds to a deletion mutant of Sfr1, in which the N-terminal 177 amino acid 
residues of Sfr1 are lacking. Because Sfr1C has three extra amino acids (Gly-His-Met) as an 
affinity-tag linker at the N-terminus (Fig. 2) compared with Sfr1∆N177, Sfr1C actually 
contains the same number of amino acid residues as Sfr1∆N177. Therefore, from this point 
forward, Sfr1C represents both Sfr1C (∆N180) and Sfr1∆N177. 
Preparation of the Swi5-Sfr1 and the Swi5-Sfr1C complexes for structural analysis 
The Swi5-Sfr1 and the Swi5-Sfr1C complexes were prepared as previously 
reported.24, 25  
 
Generation of theoretical small-angle X-ray scattering (SAXS) profile from atomic-level 
structure 
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 The atomic-level structures of nineteen proteins (Table S1), which had been 
registered in the Protein Data Bank (PDB), as well as that of Swi5-Sfr1C 25 were submitted to 
CRYSOL 26 to generate theoretical scattering curves. CRYSOL is a program originally 
developed for evaluating solution scattering from biological macromolecules with known 
atomic coordinates and fits it to experimental scattering curves obtained using SAXS. It 
provides one-dimensional scattering data [I(q)] as a function of q (q = 4πsinθ/r, where 2θ is 
the scattering angle) (Fig. S1(A)). Following this, the electron pair distance distribution 
function [P(r)] was calculated based on the scattering data, using the program GNOM (Fig. 
S1(B)).27 The maximum length (Dmax) was estimated from the value of the P(r) function as the 
distance r, where P(r) = 0. By utilising the CRYSOL program in reverse to its conventional 
application, the low-resolution models for twenty proteins and protein complexes were 
constructed from their atomic coordinates.   
 
Construction of dummy residue models 
The previously reported P(r) functions for the Swi5-Sfr1 and the Swi5-Sfr1C 
complexes, which were obtained from the SAXS experiments,24 and the theoretical P(r) 
functions for the twenty X-ray structures were used to build ab initio low-resolution dummy 
residue models using the program GASBOR.28 These models consisted of dummy amino acid 
residues of proteins and dummy solvent atoms with the same radius. Therefore, only the 
dummy amino acid residues were adopted as the low-resolution dummy residues. Five 
dummy residue models were built for each protein and/or protein complex.  
 
Calculation of the theoretical collision cross-sections (CCSs) for atomic-level structure 
The theoretical CCSs of twenty proteins and/or protein complexes were calculated 
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from the atomic-level structures using the program MOBCAL,29-31 adapted for all-atom 
coordinate sets. To evaluate the experimental CCSs by comparing with the theoretical values, 
we employed a method suggested by Benesch et al.,32 where a scaled value of CCS (Eq. 1), as 
calculated by the projection approximation (PA) method implemented in MOBCAL, was used 
as the theoretical CCS value. 
CCS calc = 1.14× CCS PA   (Eq. 1) 
 
Definition of the radius of a dummy residue 
The CCS values of the dummy residue models built using the program GASBOR 
were obtained according to Eq. 1 based on the PA method in second version of the program 
MOBCAL,33 which was designed to determine the CCSs of coarse-grained models, involving 
changing the radius of the dummy residue from 4.0 Å to 8.5 Å every 0.1 Å. The calculated 
CCSs of the dummy residue models were evaluated for each radius value by plotting trend 
lines of the relationship between the CCS values of the low-resolution dummy residue models 
and those of the atomic-level structures, and the optimum radius for the calculation of CCS 
values of the dummy residue models were determined by the intercept, the slope and r2 values 
of the trend line.  
 
Sample preparation for mass spectrometry 
For MS experiments, 100 µM stock solutions of the Swi5-Sfr1C and Swi5-Sfr1 
complexes (10 mM HEPES (pH 7.0), 200 mM sodium chloride, and 1 mM dithiothreitol) 
were dialysed against 100 mM ammonium acetate (pH 6.8) using a microdialysis membrane 
(Microdialyzer TOR-3K, Nippon Genetics Co., Ltd, Tokyo, Japan) with a molecular weight 
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cut-off of 3500 Da. Following this, the sample solution was diluted with concentrated 
ammonium acetate, resulting in 10 µM protein in 500 mM ammonium acetate (pH 6.8).   
 
Ion mobility mass spectrometry (IM-MS) 
IM-MS experiments were performed on a Synapt G2 HDMS (Waters, Manchester, 
UK) quadrupole ion mobility time-of-flight (Q-IM-TOF) mass spectrometer equipped with a 
nanoflow electrospray ionization (nano-ESI) source.34, 35 The nano-ESI capillary was typically 
held at 0.8–1.5 kV, with the source operating in a positive ion mode. The sampling-cone 
voltage was set at 20 V. To observe high m/z ions, the backing pressure was maintained at 
~5.3 mbar, and quadrupole parameters were automatically set at appropriate values. The trap 
travelling-wave ion guide was pressurised to contain 2.2 × 10-2 mbar of argon gas. The 
travelling-wave ion mobility separator was operated at a pressure of approximately 3.0 mbar, 
and it employed a series of DC voltage waves (40 V wave height travelling at 800 m/s) to 
generate ion mobility separation. The TOF mass spectra were acquired for m/z 700-3500 for 
the Swi5-Sfr1C complex and m/z 800-4000 for the Swi5-Sfr1 complex.  
All mass spectra were calibrated externally using an aqueous solution of caesium 
iodide (10 mg mL-1) and were processed using the MassLynx software (version 4.1, Waters, 
Manchester, UK). Because arrival times (ATs) obtained by IM-MS contained mass-dependent 
flight times between the ion mobility cell and the TOF analyser, ATs were corrected using the 
equation given by Ruotolo et al.33 To perform CCS calibrations, we examined two sets of 
protein CCS values from the literature (acid-denatured and native-like protein sets),33, 36-38 as 
described in Supporting Information, and applied acid-denatured protein sets 4, 33 to convert 
ATs into CCS. 
 
Page 8 of 35Analyst
9 
Results and Discussion 
Definition of the radii of dummy residues in the low-resolution model 
In the interpretation of IM-MS data, the experimental CCS values are generally 
evaluated in comparison with the theoretical CCS values of atomic-level structures of proteins 
using MOBCAL. However, no X-ray structure is available for the intact complex of 
Swi5-Sfr1. SAXS enables building of low-resolution models of protein complexes that are 
difficult to crystallise, but no reliable method exists at present for the calculation of theoretical 
CCS for low-resolution models constructed by SAXS. Here, we have developed a novel 
method to analyse the SAXS low-resolution models using MOBCAL in the same manner as 
the atomic-level structures. As described below, the radius of each dummy residue in the 
low-resolution model was first defined for CCS calculation using MOBCAL by comparing 
the original X-ray structures with the low-resolution models of twenty proteins/protein 
complexes, as shown in Table S1. 
First, theoretical scattering curves for the twenty proteins/protein complexes were 
generated based on their atomic-level structures using the program CRYSOL, as shown in Fig. 
S1. Consequently, five ab initio low-resolution dummy residue models of each protein/protein 
complex were constructed using the program GASBOR. Next, we calculated the CCS values 
for each of these five models using various radius values (4.0 – 8.5 Å) of a dummy residue. 
To analyse the CCS values of the dummy residue models, the theoretical CCS values of the 
twenty atomic-level structures were calculated using the program MOBCAL. In MOBCAL, 
there are three computation methods, i.e., PA method, Exact Hard Sphere Scattering (EHSS) 
and Trajectory Method (TM) calculations, to calculate the CCS value of the atomic-level 
structure. 29−31 It has been reported that the PA method generally gives values that are ~15% 
smaller than the experimental CCS values.32 In contrast, the EHSS method provides more 
accurate values than PA, but usually present larger CCS values than those obtained 
experimentally.6, 7 The TM calculation, which is considered to be the most reliable and 
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accurate method for calculating the CCS values, treats the ion as a collection of atoms, each 
of which is represented by a 12-6-4 potential. However, this method is inappropriate for the 
calculation of the theoretical CCSs of coarse-grained structural models of protein complexes 7, 
33 derived from SAXS experiments. Thus, the method of the rough but accurate calculation of 
theoretical CCS was selected for use in this study. Recently, the projected superposition 
approximation (PSA) was developed as a novel projection approximation algorithm.39 In PSA, 
CCSs are computed as a project approximation modified to account for collective size and 
shape effects, resulting in fast and accurate computation of CCSs. However, the PSA program 
has not yet been licensed for public use. Meanwhile, Benesche et al. demonstrated that the 
experimental and theoretical CCS values are very well correlated when the theoretical CCS 
value (CCScalc) is obtained by the scaled PA calculation; CCScalc = 1.14 × CCSPA, where 
CCSPA corresponds to the CCS value obtained by the PA method.
 32 This scaled PA calculation 
was expected to provide rather accurate CCS values for the coarse grained models 40 that were 
constructed based on the SAXS results. Therefore, in the present study, we adopted the scaled 
PA calculation to obtain the theoretical CCS of the low-resolution dummy residue models. To 
determine the optimum value of the radius of a dummy residue, the theoretical CCS values of 
the atomic-level structures of these proteins were also calculated by the scaled PA calculation. 
Fig. 3 shows plots of the calculated CCS values of the low-resolution dummy residue 
models of twenty proteins/protein complexes as a function of those of the atomic-level 
structures. The slope and intercept values of the trend lines varied according to radii, whereas 
an extremely high correlation (r2 > 0.99) was observed for each trend line. In theory, the slope 
and intercept values of the line should be 1.00 and 0, respectively, because the low-resolution 
dummy residue models were constructed from the corresponding atomic-level structure. 
However, the atomic-level structure determined by X-ray crystallography contains no 
hydrogen atom. Thus, it has been pointed out that the theoretical CCS values for the X-ray 
structures are ~3% smaller than the actual atomic-level structures.7 Since each dummy residue 
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of the coarse-grained model represents a hypothetical amino acid and contains hydrogen 
atoms, a probable value for the trend-line slope would be <1.00. When the radius value of 5.7 
Å was employed for calculation of the CCS values, the slope and intercept values were 0.96 
and -1.31, respectively, suggesting that 5.7 Å is the most appropriate radius value to calculate 
the CCS values of low-resolution dummy residue models.  
Using the radius value of 5.7 Å, the average scaled PA values of the five dummy 
residue models of the Swi5-Sfr1C and Swi5-Sfr1 complexes were calculated to be 2797 and 
5619 Å2, respectively, as shown in Table S2. Since the scaled PA value of the atomic-level 
structure of the Swi5-Sfr1C complex was 2737 Å2, as described above, a difference of only 
2% was found in the CCS values between the low-resolution dummy residue model and 
atomic-level structure of the Swi5-Sfr1C complex. Thus, it was validated that the defined 
radius of 5.7 Å can be used to calculate the CCS value of the SAXS models of proteins, of 
which the atomic-level structures have not been determined. 
 
Size determination of the Swi5-Sfr1C complex using IM-MS 
NanoESI-IM-MS was performed to obtain the CCS of the Swi5-Sfr1C complex. The 
observed peaks in the nanoESI mass spectrum were assigned to three species: (A) 23868.0 ± 
0.1, (B) 14119.6 ± 0.1, and (C) 9748.2 ± 0.1, as shown in Fig. 4A. Because the theoretical 
masses for Sfr1C and Swi5 were 14119.1 and 9748.1, compounds (B) and (C) corresponded 
to free Sfr1C and Swi5, respectively. Compound (A) corresponded to a 1:1 complex of 
Swi5-Sfr1C, the theoretical mass of which is 23867.2. Observation of a 1:1 complex of 
Swi5-Sfr1 is consistent with previous results.41   
Next, the CCS of the 1:1 complex of Swi5-Sfr1C was analysed. Drift tube-type 
IM-MS instruments can directly give CCS of proteins, but an appropriate calibration was 
required for the travelling wave-type instrument to obtain the CCS values of protein ions from 
their ATs. Two calibration methods, i.e., calibration with acid-denatured proteins and that with 
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native-like proteins, were examined to convert the AT of each multiply-charged molecule of 
the Swi5-Sfr1C complex into CCS (Table S2). When a calibration curve obtained with 
globular protein calibrants was applied to the Swi5-Sfr1C and Swi5-Sfr1 complexes, ~10% 
smaller CCS values were obtained for the complexes compared with the CCS values obtained 
by calibration with acid-denatured proteins.  
It has been demonstrated that folded and unfolded (acid-denatured) proteins exhibit 
different trends in the charge-to-surface correlation, and that highly charged ions of IDP under 
non-denaturing conditions follow the trend line of acid-denatured proteins. 42 Since wide 
charge distributions were observed and SAXS analysis suggested elongated molecular shapes 
of the Swi5-Sfr1 and the Swi5-Sfr1C complexes (as discussed later), we selected calibration 
with acid-denatured proteins.  
Fig. 4B shows the CCS distribution of each multiply charged molecule of the 
Swi5-Sfr1C complex. The ions with 8+ to 10+ charges presented the minimum CCSs of 
~2100 Å2, and the ions with charges in the range of 11+ to 19+ exhibited the other envelopes 
of the CCS distributions. These CCS distributions seemed to have three conformers; the first 
one is the most compact conformer for ions with charges in the range of 8+ to 10+, the second 
is an intermediate conformer for ions with 11+ to 14+ charges, and the third is the most 
elongated conformer for ions with 15+ to 19+ charges. 
To evaluate these experimentally obtained CCS values, theoretical CCS values of the 
atomic-level structure and low-resolution dummy residue model of the Swi5-Sfr1C complex 
were obtained by the scaled PA calculation. Furthermore, the theoretical CCS values were 
calculated for the atomic-level structure with the EHSS and TM calculations in MOBCAL. 
The calculated CCS values are summarised in Table S2. The CCScalc values (i.e., the scaled 
PA value) of the atomic-level structure and the low-resolution dummy residue model for the 
Swi5-Sfr1C complex, 2737 Å2 and 2797 Å2, respectively, were larger than the experimental 
CCSs of the first-most compact conformer, for which the most dominant ion (9+) presented 
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the CCS value of 2090 Å2, but rather close to that of the second-most compact conformer 
represented by 12+ ion at 2790 Å2, as shown in Fig. 4B.  
Although the experimentally obtained CCS values may contain some errors due to 
calibration uncertainty, the propensity for the most compact conformers to have smaller CCSs, 
while for the most elongated conformers to have larger CCSs than the scaled PA value, is 
likely to be correct. Since the elongated conformer corresponds to the ions with large charge 
numbers (15+ to 19+), charge repulsion should have caused their large CCS values. The ions 
with 11+ to 14+ charges may represent the native conformer in solution, which has an 
analogous structure as observed by SAXS.  
The experimental CCSs of the most dominant ion (9+) of the Swi5-Sfr1 complex were 
~75% of the scaled PA value calculated for the SAXS model. This reduction level was similar 
to that of other folded proteins such as haemoglobin, as reported by Jurneczko et al., 7 which 
may mean that this reduction level was within the experimental error range. Another 
alternative explanation is that the applied calibration method may not have been ideal for 
proteins having an elongated shape, such as Swi5-Sfr1C (Fig. 5A).  
When a protein complex with an elongated shape is analysed by size-exclusion 
chromatography (SEC), which is calibrated with standard globular proteins, the molecular 
size is usually overestimated.19 This is caused by the discrepancy between the molecular 
shape of analyte proteins and calibrant proteins. If the calibration is performed with proteins 
having extremely different molecular shapes from the analyte in SEC, inaccurate estimation 
of the masses of protein complexes is unavoidable. This may also be true for CCS 
determination by travelling wave-type IM-MS. It would be necessary to calibrate the 
travelling wave-type instruments with proteins having similar molecular shapes to the analyte 
proteins to obtain accurate CCS values.  
 
Size determination of the Swi5-Sfr1 complex using IM-MS 
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Next, nanoESI-IM-MS was performed for the characterisation of the Swi5-Sfr1 
complex. As shown in Fig. 4C, multiply-charged ions of the compound (A), with a mass of 
43255.8 ± 1.5, were mainly observed. Because the theoretical mass of the full length Sfr1 was 
33637.8, we speculated that the observed mass of (B) 33506.8 ± 0.3 must correspond to Sfr1 
with no N-terminal Met residue, as previously reported.24 Thus, compound (A) 43255.8 ± 1.5 
corresponded to the 1:1 complex of Swi5-Sfr1, whose theoretical mass was 43254.8. As for 
the Swi5 monomer, compound (C), an extremely intense ion with a charge of 6+ was 
observed at m/z 1625.63. Therefore, it is likely that compound (D) 53020.8 ± 19 is a 
Swi5-monomer non-specific adduct to the 1:1 Swi5-Sfr1 complex (A). Ions of A12+, A13+, 
and A14+ were rather broadened, suggesting that these ions retained water and/or salt 
molecules. 
Fig. 4D shows the distribution of experimental CCS values for the Swi5-Sfr1 complex 
obtained by IM-MS. These experimental CCS distributions were obtained by conversion of 
the ion mobility arrival time distributions (ATDs) using the acid-denatured protein set for 
calibration, as in the case of the Swi5-Sfr1C complex. The ions with charges in the range of 
12+ to 15+ presented a minimum CCS of ~3120 Å2, while the ions with charges in the range 
of 16+ to 39+ exhibited the other envelopes of the CCS distributions. In this case, the CCS 
distributions seemed to represent three conformers; the first is the most compact form 
consisting of the ions with 12+ to 15+ charges, the second is an intermediate consisting of the 
ions with 16+ to 30+ charges, and the third is the most elongated conformer including the ions 
with 32+ to 39+ charges. Among the three conformers, the second-most compact conformer 
showed an extremely wide CCS distribution. The theoretical CCS, which was determined by 
the scaled PA calculation for the low-resolution dummy residue model (as obtained by the 
SAXS experiment), is also indicated as a vertical line in Fig. 4D. This value was close to the 
centroid CCS value of the experimentally obtained CCSs for the second-most compact 
conformer.  
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The experimental CCSs of the most compact conformer (12+ to 15+) of the Swi5-Sfr1 
complex, which were dominantly observed in the ESI mass spectrum, were considerably 
smaller than the scaled PA value of the low-resolution dummy residue model, at ~56% of the 
scaled PA value calculated for the SAXS model (Table S2). As Bernadó et al. reported, it 
could be possible that the ab initio SAXS models tended to present a more elongated shape 
than the actual solution-phase structure in the case of proteins with relatively large Rg and 
Dmax values.
43 Therefore, the theoretical CCS might have been overestimated for the ab initio 
SAXS models of these complexes, and especially so for the Swi5-Sfr1 complex having a long 
disordered region. In addition, a large reduction in the experimental CCS of the most compact 
conformer of the Swi5-Sfr1 complex, as revealed by IM-MS analysis, may suggest that the 
Swi5-Sfr1 complex with a small number of charges is considerably compressed in the gas 
phase than in the solution phase. In light of the finding that the experimental CCS of the most 
dominant ion of the Swi5-Sfr1C complex was ~75% of its theoretical CCS, the N-terminal 
flexible region in Sfr1 must have contributed to the extremely large size reduction of the 
Swi5-Sfr1 complex in the gas phase. This was also confirmed by the fact that the difference in 
CCSs between these two complexes with a small number of charges (1030 Å2) was 
comparable to that between the less charged ions of free Sfr1 and Sfr1C (1070 Å2) (Figs. S2 
and S3). However, the most elongated form of Sfr1 showed an approximately threefold larger 
CCS value than the most compact form, similar to an acid-denatured protein, and the relative 
abundance of the most compact form was much lower than that of the Swi5-Sfr1 complex. 
Furthermore, the most dominant ions observed in the ESI mass spectra of both complexes 
were with the most compact shapes, whereas those of both monomers were with the most 
extended shapes. These indicate that as an entirely disordered protein, Sfr1 exhibits an 
extremely wide CCS distribution and different configuration of the CCS distribution, which is 
dissimilar to that of a protein having a core structure associated with a disordered region, such 
as the Swi5-Sfr1 complex. Thus, CCS distribution analysis may make it possible to 
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distinguish a completely disordered protein from a partially disordered protein having a core 
structure. 
When the CCS values of proteins containing an ID region is calculated based on the 
coarse-grained models, some compensation might be required for the ID region considering 
the intrinsic collision property of each amino acid residue. The intrinsic size parameter (ISP) 
of each amino acid residue was then examined, in a similar manner carried out for the 
prediction of ion mobility of digested peptides.43 It has been reported that reduced CCS values 
are found to correlate with the fractions of nonpolar or polar aliphatic residues. The ISP scores 
of nonpolar aliphatic residues are 0.95-1.05, while those of polar aliphatic residues are 
0.85-0.95, i.e., contributions to cross-section from nonpolar residues are significantly larger 
than those from polar groups. 44 To examine if some compensation is necessary for evaluation 
of ion mobility data of a protein containing ID regions considering the amino acid 
composition, a size parameter that relates the size to the amino acid composition was 
calculated for the disordered region using the ISP values of amino acids suggested by 
Clemmer et al. The size parameter for the N-terminal ID region composed of 180 amino acid 
residues of Sfr1 was calculated as 1.0046, suggesting that compensation is not necessarily 
required for the calculation of the theoretical CCS value of this region upon IM-MS data 
analysis. Therefore, the CCS values calculated for the dummy residue models by MOBCAL 
program were used without compensation even for Sfr1 containing a long ID region. 
 
Low-resolution model of the Swi5-Sfr1 complex in the gas phase 
Considering the rather small experimental CCS values of the most intense ions of the 
Swi5-Sfr1 complex in ESI-MS, a hypothetical low-resolution model of the Swi5-Sfr1 
complex in the gas phase was constructed by downsizing its low-resolution dummy residue 
model in order to be consistent with the experimental CCS value of 3120 Å2 of the most 
abundant conformer. To evaluate this hypothetical model, low-resolution dummy residue 
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models of the Swi5-Sfr1C and the Swi5-Sfr1 complexes were compared. Based on a previous 
study that described the topology of the low-resolution dummy residue model of the 
Swi5-Sfr1 complex,24 the location of the disordered N-terminal region of Sfr1 was estimated. 
Then, the gas-phase model of the most dominant conformer of the Swi5-Sfr1 complex was 
constructed to reduce the disordered N-terminal area of Sfr1 in the low-resolution dummy 
residue model of the complex, keeping the Swi5-Sfr1C structure intact, as shown in Fig. 5. 
On comparing these three models, the size of the N-terminal region corresponding to amino 
acid residues 1-180 in Sfr1 was extremely concertinaed in the gas phase model compared with 
that of the SAXS model. We speculate that this reduction in size of the N-terminal region in 
the gas phase may have been triggered by the desolvation of protein ions in ESI-MS 
measurement.  
Disordered polypeptides in solution can be solvated and maintained in their 
‘disordered’ state, while structured polypeptides are stabilised by various types of 
intra-molecular interactions, i.e., electrostatic interactions, hydrogen bonds, and hydrophobic 
interactions. Until now, many studies have demonstrated that protein ions can pass through 
the mass spectrometer while keeping their solution-phase structure intact.6, 20-22 In these 
studies, the analysed proteins were generally ‘structured’ proteins with α-helices and/or 
β-strands, which can maintain their conformation after the desolvation process. However, the 
gas-phase collapse of a rigid protein complex was previously reported for a ring-shaped 
protein complex, trp RNA-binding attenuation protein (TRAP).4 Recently, Jurneczko et al. 
have reported that the experimentally obtained CCS value of the lowest charge state 
conformer, as observed by IM-MS, was generally smaller than the theoretical values 
calculated for the crystal structure.7 In the previous studies of IDPs, it was suggested that less 
charged ions of α-synuclein exhibit a compact structure, whereas highly charged ions 
represent a more elongated structure even at neutral pH, suggesting the ‘intrinsically 
disordered’ characteristics of α-synuclein.13 Furthermore, Brocca et al. recently reported that 
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less charged ions of another IDP, Sic1 KID, represented a metastable, highly collapsed species 
in IM-MS (pH 6.5).15. As for the Swi5-Sfr1 complex, which contains a long ID region, wide 
charge and CCS distributions were observed in ESI-IM-MS, suggesting the existence of 
diverse forms in the gas phase. It should also be noted that the most dominant species showed 
a considerable degree of gas-phase collapse of the ID region revealed by analysis in 
combination with SAXS without the atomic-level structure.  
 
Conclusion 
We have developed appropriate protocols that would correctly analyse the behaviour 
of proteins with long ID regions by IM-MS in combination with SAXS, and applied them to 
the IDP Swi5-Sfr1 complex. Although CCS values obtained by the travelling wave-type 
IM-MS instrument may contain some errors due to calibration uncertainties, it was found that 
the IDP Swi5-Sfr1 complex assumed diverse forms in the gas phase, and that the most 
dominant species was a significantly compact conformer, which suggested a considerable 
degree of structural collapse for the complex. This strongly suggests that in the gas phase, an 
IDP complex cannot maintain the native ‘disordered’ structure and tends to shrink. However, 
when a large number of protons are attached to the complex, charge repulsion occurs, and the 
protein ions are forced to elongate. Such investigation was enabled by analysis in combination 
of IM-MS with SAXS. To our knowledge, this is the first study that experimentally indicates 
the gas-phase compaction level of an IDP in comparison to its solution-phase structure 
analyzed by SAXS. 
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Figure legends 
Fig. 1. Schematic flow chart of the structural analyses of the Swi5-Sfr1C and the Swi5-Sfr1 
complexes.  
(A) Based on the atomic-level structures of twenty proteins/protein complexes, the theoretical 
CCS values were calculated using MOBCAL, and the low-resolution dummy residue model 
for each protein/protein complex was constructed using CRYSOL. By comparing the 
hypothetically constructed low-resolution models with the atomic-level structures, the radius 
(R) of each dummy residue of the low-resolution model was defined for CCS calculation by 
the scaled PA method in MOBCAL.  
(B), (C) Based on the low-resolution model obtained by SAXS, the theoretical CCSs were 
calculated using the MOBCAL program with the defined ‘R’ value, and were compared with 
the experimental CCSs of the Swi5-Sfr1C and Swi5-Sfr1 complexes obtained by IM-MS 
analysis.  
 
Fig. 2.  Amino acid sequences of Swi5, Sfr1, and Sfr1C. 
 
Fig. 3. Correlation analysis of the CCS values of atomic-level structures versus low-resolution 
dummy residue models for twenty proteins/protein complexes upon changing the radius 
values of each dummy residue for CCS calculation. Open diamonds and a dotted line 
correspond to the scattering diagram and trend line, respectively, for the radius value of 4.0 Å. 
Closed circles and a solid line correspond to the calculation for the radius value of 5.7 Å. 
Grey squares and a broken line correspond to the calculation for the radius value of 8.5 Å.  
 
Fig. 4. NanoESI-IM mass spectra and CCS distributions of the Swi5-Sfr1C (A, B) and 
Swi5-Sfr1 (C, D) complexes. Three species were detected in panel (A): ions of the 
Swi5-Sfr1C complex (1:1) (red arrow), free Sfr1C (blue triangle), and free Swi5 (green 
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square). Four species were detected in panel (C): the Swi5-Sfr1 complex (1:1) (red arrow), 
free Sfr1 (blue triangle), free Swi5 (green square), and the Swi5-Sfr1 complex (2:1) (purple 
arrow). Three CCS values in panels (B) and (D) correspond to those at the charge states of 9+, 
12+ and 16+ (Swi5-Sfr1C) and 13+, 25+ and 35+ (Swi5-Sfr1), respectively. Pink- (SAXS) 
and blue-coloured (X-ray) vertical lines in panels (B) and (D) indicate the theoretical CCScalc 
values of the Swi5-Sfr1C and Swi5-Sfr1 complexes.  
 
Fig. 5. Low-resolution models of the Swi5-Sfr1C and the Swi5-Sfr1 complexes. (A) The 
low-resolution dummy residue model of the Swi5-Sfr1C complex, (B) the low-resolution 
dummy residue model of the Swi5-Sfr1 complex, and (C) the hypothetical model of the 
Swi5-Sfr1 complex for the most abundant species in the gas phase, which was generated by 
reducing the model size in (B) by using the CCS value obtained by IM-MS. The radius of 
each dummy residue was defined as 5.7 Å. 
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1. Building of a low-resolution model from X-ray structure 
Table S1. Proteins subjected to construction of low-resolution dummy residue models 
Protein name Taxonomy PDB entry 
Molecular 
weight /kDa 
# of 
Subunit 
Ubiquitin Homo sapiens 1UBQ 8.6 1 
Cyrochrome C Equus caballus 1HRC 12.4 1 
Lysozyme Gallus gallus 1DPX 14.4 1 
Calmodulin Rattus rattus 3CLN 16.9 1 
Myoglobin Physeter catodon 1VXG 17.9 1 
Calmodulin Homo sapiens 1WRZ 19.4 1 
Swi5-Sfr1C Schizosaccharomyces pombe 3VIR 23.9 2 
Trypsinogen Bos taurus 1TGN 24.0 1 
Carbonic anhydrase I Homo sapiens 1AZM 29.1 1 
Avidin Gallus gallus 1VYOa 29.3 4 
Lipase Burkholderia cepacia 3LIP 33.2 1 
Ovalbumin Gallus gallus 1UHG 43.5 1 
Transthyretin Homo sapiens 1F41a 55.2 4 
Human serum albumin Homo sapiens 1BJ5 67.7 1 
Actin Oryctolagus cuniculus/ 
Bos Taurus 
1ATN 71.8 2 
Conalbumin Gallus gallus 1OVT 76.2 1 
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Protein name Taxonomy PDB entry 
Molecular 
weight /kDa 
# of 
Subunit 
Creatine kinase Homo sapiens 3B6R 86.2 2 
Toroponin Homo sapiens 1J1D 93.1 6 
Concanavalin A Canavalia ensiformis 1GKBa 103 4 
Lactate dehydrogenase A Oryctolagus cuniculus 3H3F 150 4 
a
 Multimers were generated using symmetry information within a distance of 4 Å, obtained from the 
program Pymol. 
 
Fig. S1. Plots of (A) theoretical SAXS profile of the Swi5-Sfr1C complex obtained by 
CRYSOL and (B) pair-distance distribution function ([P(r)]) of the Swi5-Sfr1C complex. 
 
 
2. Examination of the CCS-calibration method 
Two calibration methods were examined. The first method used multiply-charged 
molecules of acid-denatured equine cytochrome c and equine myoglobin,1-4 and the second 
method used multiply-charged protein molecules in native-like states, namely equine 
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cytochrome c, bovine β-lactoglobulin A, egg avidin, bovine serum albumin, jack-bean 
concanavalin A, human serum amyloid P, and yeast alcohol dehydrogenase, as reported by 
Bush et al.4 A best fit power trendline (y = axb) of the corrected ATs versus the corrected 
published CCSs was obtained as a calibration curve for each calibrant set. The experimental 
CCSs of the Swi5-Sfr1 and the Swi5-Sfr1C complexes were calculated based on the equations 
of the calibration plots. 
 
 
Table S2. Experimental and theoretical CCSs of the Swi5-Sfr1 and the Swi5-Sfr1C 
complexes.  
 
Experimental 
CCS/Å2  
Structural 
analysis 
method 
Calculated CCS by MOBCAL 
The calibration by 
(a) PA 
method 
/Å2 
(b) Scaled 
PA value 
(a)×1.14/Å2 
(c) 
EHSS 
method 
/Å2 
(d) 
TM 
/Å2 
Acid- 
denatured 
proteins 
Native- 
like 
proteins 
Swi5-Sfr1C 
complex 
2090 a 
2790 b 
3620 c 
1940 a 
2590 b 
3390 c 
X-ray 2401 2737 3034 2975 
SAXS 2453 ± 22 2797 − d − d 
Swi5-Sfr1 
complex 
3120 a 
6210 b 
8000 c 
2850 a 
5650 b 
7460 c 
SAXS 4929 ± 73 5619 − d − d 
 
a
 The ions with charges of 9+ (Swi5-Sfr1C) and 13+ (Swi5-Sfr1) correspond to the most compact 
conformer. 
b
 The ions with charges of 12+ (Swi5-Sfr1C) and 25+ (Swi5-Sfr1) correspond to the second-most 
compact conformer. 
c
 The ions with charges of 16+ (Swi5-Sfr1C) and 35+ (Swi5-Sfr1) correspond to the third-most compact 
conformer. 
d
 Not available due to the absence of the atomic-level structure. 
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3. Analysis of CCS of the multiply-charged ions of Sfr1 and Sfr1C 
 
Fig. S2. IM-MS data of the Swi5-Sfr1 complex. (A) Mass spectrum of the Swi5-Sfr1 complex 
(m/z 800-4000), and (B) experimental CCS distributions of Sfr1. 
Red arrows in panel A indicate multiply-charged molecules of Sfr1. Ions of Sfr1 with charges in 
the range of 11+ to 40+ were observed. Panel B shows the CCS distribution of each ion of Sfr1. 
Three CCS values in panel B correspond to those for ions at the charge states of 11+, 24+ and 33+, 
respectively. 
 
Since Sfr1 is expected to have a long disordered region, it is difficult to characterise 
the free-form structure by conventional analytical methods. However, in the present study, the 
CCS values of the free Sfr1 ions with various charges were obtained by IM-MS without 
isolation of the free Sfr1 protein. This presents a great advantage of IM-MS for the structural 
analysis of protein complexes containing ID regions.   
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Fig. S3. IM-MS data of the Swi5-Sfr1C complex. (A) Mass spectrum of the Swi5-Sfr1C 
complex (m/z 700-3500), and (B) experimental CCS distributions of Sfr1C.  
Red arrows in panel A indicate multiply-charged molecules of Sfr1C. Ions of Sfr1C with charges 
in the range of 5+ to 19+ were observed. Panel B shows the CCS distribution of each ion of Sfr1C. 
Two CCS values in panel B correspond to those for ions at the charge states of 7+ and 15+, 
respectively. 
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